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We consider the thermal production of dileptons and photons at temperatures above the critical
temperature in QCD. We use a model where color excitations are suppressed by a small value of the
Polyakov loop, the semi Quark-Gluon Plasma (QGP). Comparing the semi-QGP to the perturbative
QGP, we find a mild enhancement of thermal dileptons. In contrast, to leading logarithmic order in
weak coupling there are far fewer hard photons from the semi-QGP than the usual QGP. To illustrate
the possible effects on photon and dileptons production in heavy ion collisions, we integrate the rate
with a realistic hydrodynamic simulation. Dileptons uniformly exhibit a small flow, but the strong
suppression of photons in the semi-QGP tends to bias the elliptical flow of photons to that generated
in the hadronic phase.
PACS numbers: 11.10.Wx, 12.38.Mh, 25.75.Cj, 25.75.Nq
The collisions of heavy nuclei at ultra-relativistic en-
ergies can be used to investigate the properties of the
Quark-Gluon Plasma (QGP). At both the Relativistic
Heavy Ion Collider (RHIC) and the Large Hadron Col-
lider (LHC), much of the collision takes place at tempera-
tures which are not that far above that for the transition,
Tc. This is a difficult region to study: perturbative meth-
ods can be used at high temperature, but not near Tc [1].
Similarly, hadronic models are valid at low temperature,
but break down near Tc [2]. One model of the region
above but near Tc is the semi-QGP [3–6]. This incorpo-
rates the results of numerical simulations on the lattice
[7], which show that colored excitations are strongly sup-
pressed when T → T+c , as the expectation value of the
Polyakov loop decreases markedly.
A notable property of heavy ion collisions is elliptic
flow, how the initial spatial anisotropy of peripheral col-
lisions is transformed into a momentum anisotropy. The
large elliptic flow of hadrons can be well modeled by hy-
drodynamic models in which the QCD medium is close
to an ideal fluid [8–10].
Electromagnetic signals, such as dilepton or photon
production, are another valuable probe, since they re-
flect properties of the quark and gluon distributions of
the QGP, and once produced, escape without significant
interaction [11–24]. For example, if most photons are
emitted at high temperature in the QGP, since the flow
at early times is small, one would expect a small net ellip-
tic flow for photons. However, recently both the PHENIX
experiment at RHIC [22] and the ALICE experiment at
the LHC [23] have found a large elliptic flow for photons,
comparable to that of hadrons. This is most puzzling
[17, 18, 24].
In this paper we present the results for the thermal
production of hard dileptons and photons in the semi-
QGP, and compare them with those of the perturbative
QGP. Surprisingly, we find a sharp qualitative difference
between the two. In the semi-QGP, the production of
dileptons is similar between the deconfined and confined
phases, while photon production is strongly suppressed
near Tc. We compute to leading order in the QCD cou-
pling (for photons, only to leading logarithmic order) and
give complete results later [25]. We then use a hydrody-
namic model [16] to compute the effect on the number
of dileptons and photons produced, and on the elliptic
flow, v2. The effects on thermal dileptons are modest.
The suppression of thermal photons near Tc in the semi-
QGP, though, implies that v2 is biased towards that gen-
erated in the hadronic phase. Our results may help to
understand the puzzle of the elliptic flow for photons.
Deconfinement in a SU(Nc) gauge the-
ory is characterized by the Polyakov loop,
` = (1/Nc)trP exp(ig
∫ 1/T
0
dτ A0), where P denotes
path ordering, T is the temperature, g the gauge
coupling constant, and A0 the temporal component of
the gauge field. At high temperature 〈`〉 ∼ 1 [26],
while 〈`〉 = 0 in the confined phase of a pure gauge
theory. With dynamical quarks, 〈`〉 > 0 at any nonzero
temperature, but lattice simulations show that the value
of the (renormalized) loop is small at Tc, 〈`(Tc)〉 ≈ 0.1
[7].
The simplest way to represent a phase where 〈`〉 < 1 is
to work in mean field theory, taking A0 to be a constant,
diagonal matrix, (Acl0 )
ab = δabQa/g [3–6]. The Polyakov
loop is then ` = 1/Nc
∑
a e
iQa/T , where the color in-
dex a = 1 . . . Nc. For three colors, A
cl
0 = (Q,−Q, 0)/g,
so Q = 2piT/3 in the confined vacuum, ` = 0. Since
Acl0 ∼ T/g, this is manifestly a model of non-perturbative
ar
X
iv
:1
40
9.
47
78
v1
  [
he
p-
ph
]  
16
 Se
p 2
01
4
2physics.
In Minkowski spacetime, the diagrams are those of or-
dinary perturbation theory, except that the background
field Acl0 acts like an imaginary chemical potential for
color. For a quark with color a, the Fermi-Dirac dis-
tribution function is 1/(e(E−iQ
a)/T + 1). In the double
line basis gluons carry two color indices, (ab), and their
Bose-Einstein distribution function involves a difference
of Q’s, 1/(e(E−i(Q
a−Qb))/T − 1). In the Boltzmann ap-
proximation, the distribution function for a single quark
(or anti-quark), summed over color, is suppressed by the
Polyakov loop, ∼∑a e−(E−iQa)/T /Nc ∼ e−E/T `; for glu-
ons, it is ∼ e−E/T `2.
In the semi-QGP model, one computes to leading or-
der in the QCD coupling with Qa 6= 0 [3–6]. We first
discuss the results for thermal dilepton production. Let
the sum of the momenta of the dilepton be Pµ = (E, ~p ),
p = |~p |, where E > p. To leading order in perturba-
tion theory, this arises from the annihilation of a quark
anti-quark pair into a virtual photon, which then decays
into a dilepton pair. For three colors and Q = 0, the
production rate [16] is
dΓ
d4P
∣∣∣∣
Q=0
=
αem
6pi4
n(E)
(
1− 2T
p
ln
1 + e−p−/T
1 + e−p+/T
)
; (1)
p± = (E ± p)/2, and n(E) = 1/(eE/T − 1) is the usual
Bose-Einstein distribution function. This includes the
contributions of (massless) up, down and strange quarks,
where αem = e
2/4pi, and e is the electromagnetic cou-
pling constant.
In the semi-QGP, to leading order the result when Q 6=
0 is a simple factor times that for Q = 0 [25],
dΓ
d4P
∣∣∣∣
Q6=0
= fll(Q)
dΓ
d4P
∣∣∣∣
Q=0
, (2)
where fll(Q) ≡ f˜ll(Q)/f˜ll(0). For three colors, this can
be written in terms of the Polyakov loop,
f˜ll = 1−
2T
3p
ln
1 + 3`e−p−/T + 3`e−2p−/T + e−3p−/T
1 + 3` e−p+/T + 3`e−2p+/T + e−3p+/T
.
(3)
In the special case that the dileptons move back to
back, p = 0, we plot the modification factor at E =
1 GeV as a function of temperature in Fig. (1), taking
the Qa’s from Ref. [6]. We find that fll(Q) is always
greater than one.
To understand this, remember that in kinetic theory
the production rate for dileptons is the product of sta-
tistical distribution functions times an amplitude. When
p = 0, the distribution functions are for a quark with
energy E/2 and color a, and an anti-quark, also with en-
ergy E/2 and color a. If the total energy E  T , we can
use the Boltzmann approximation for the Qa-dependent
Fermi-Dirac distribution functions,
e2
N∑
a=1
e−(E/2−iQ
a)/T e−(E/2+iQ
a)/T
∣∣Mll∣∣2 . (4)
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FIG. 1. The ratio of the thermal production of dileptons and
photons in the semi-QGP, versus that in perturbation theory,
as a function of temperature. For dileptons, fll from Eq. (3)
is for E = 1 GeV and p = 0. For photons, fγ in Eq. (7)
is independent of the photon momentum. The loop is taken
from Ref. [6].
As the Qa’s are like a chemical potential for color, they
enter the distribution functions for the quark and anti-
quark with opposite signs, and so at large energy, cancel
identically. That is, the probability for a hard virtual
photon to produce a quark anti-quark pair is indepen-
dent of the Qa’s, and so the Polyakov loop. This is in
stark contrast to the statistical distribution function for
a single quark or anti-quark, which is ∼ `.
Fig. (1) shows that for moderate values of E ∼ T ,
there are corrections to the Boltzmann approximation
which even give a modest enhancement above Tc, by
about ∼ 20%.
Expanding Eq. (3) to quadratic order in the Qa is
equivalent to considering a condensate ∼ 〈trA20〉, and
agrees with previous results [13]. Ref. [13] suggested that
an enhancement like that which we find could explain
the excess of dileptons found below the ρ meson mass in
heavy ion collisions; see, also, Ref. [12, 15].
We now consider the production of real photons at a
large momentum Pµ, where E = p  T . To leading or-
der in the QCD coupling, apparently two processes con-
tribute to photon production: Compton scattering of a
quark or anti-quark, and the pair annihilation of a quark
and an anti-quark. These 2 → 2 processes [11] are both
∼ e2g2. However, a quark which scatters with an ar-
bitrary number of soft gluons, with Esoft ∼ gT , emits
collinear photons at the same order, ∼ e2g2. [14]. This
depends crucially upon Bose-Einstein enhancement for
the soft gluon, as n(Esoft) ∼ 1/g.
In the semi-QGP, however, there is no Bose-Einstein
enhancement for off-diagonal gluons: at small E the
gluon distribution function is ∼ 1/(e−i(Qa−Qb)/T − 1),
if a 6= b and Qa − Qb ∼ T . There is Bose-Einstein en-
hancement for soft, diagonal gluons, where a = b, but at
large Nc there are only ∼ Nc diagonal gluons to ∼ N2c off-
3diagonal gluons. Consequently up to corrections ∼ 1/Nc,
in the semi-QGP the production of real photons is dom-
inated by 2 → 2 processes. This is a straightforward
generalization of the original computations of Ref. [11].
The results for collinear emission at large Nc will be given
later [25].
Computing thermal photon production only to leading
logarithmic order, we find [25]
E
dΓ
d3p
∣∣∣∣
Q 6=0
= fγ(Q) E
dΓ
d3p
∣∣∣∣
Q=0
. (5)
At the same order, the result for 2→ 2 scattering in the
perturbative regime [11] is
E
dΓ
d3p
∣∣∣∣
Q=0
=
αemαs
3pi2
e−E/T T 2 ln
(
E
g2T
)
, (6)
where αs = g
2/(4pi), and
fγ(Q) = 1− 4 q + 10
3
q2 ; q =
Q
2piT
, 0 < q < 1. (7)
In the perturbative limit, fγ(0) = 1. This function de-
creases monotonically as Q increases, with fγ(2piT/3) =
1/27 in the confined phase. In Fig. (1) we plot fγ versus
temperature. This result is independent of momentum
when E  T .
Why photon production is strongly suppressed in the
confined phase can be understood from the case of pair
annihilation. Using kinetic theory in the Boltzmann ap-
proximation, photon production is proportional to
e2 g2
∑
a,b
e−(E1−iQ
a)/T e−(E2+iQ
b)/T |Mabγ |2 , (8)
where E1 is the energy of the incoming quark with color
a, E2 the energy of the anti-quark with color b, andMabγ
a matrix element, which depends upon a and b. The
quark and anti-quark then scatter into a gluon, with color
indices (ab), and a photon. In the deconfined phase, the
rate is ∼ e2g2N2c . In the confined phase, however, to
avoid suppression by powers of the Polyakov loop the
color charges of the quark and anti-quark must match
up, with a = b. This reduces the result by one factor
of 1/Nc. Further, the matrix element Mabγ involves the
quark-gluon vertex; when a = b, this gives another factor
of 1/Nc, for an overall factor of 1/N
2
c . The same counting
in 1/Nc applies for Compton scattering. In all, at large
Nc the ratio of hard photon production in the confined
phase, to that in the deconfined phase, is fγ = 1/(3N
2
c )
[25]. Even for three colors this is a rather small number,
1/27.
Moving towards a qualitative estimate of the effects
upon experiment, we multiply the full photon emission
rate to ∼ e2g2 [14] by the suppression factor which we
find to leading logarithmic order, fγ(Q) in Eq. (7). We
use music, a 3+1 D hydrodynamic simulation [9, 10]. As
the purpose of this study is to determine the global ef-
fect of rates in the semi-QGP, versus that in the usual
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FIG. 2. Dilepton yield (a) and elliptic flow (b) computed
using music, from the semi-QGP and QGP, plus hadronic
matter (HM). This calculation is for Au+Au collisions at the
top RHIC energy,
√
s = 200GeV/A, in the 20-40% centrality
class.
QGP, we also include the hadronic rates for dileptons
[16] and photons [15]. We use ideal hydrodynamics for
nucleus-nucleus collisions, with A = 200 at RHIC ener-
gies,
√
sNN = 200 GeV.
In ideal hydrodynamics, fluid dynamics is governed by
the conservation equation for the stress-energy tensor,
∂µT
µν = 0, where Tµν = (ε+P )uµuν−gµνP ; ε is the en-
ergy density, P the thermodynamic pressure and uµ the
fluid four-velocity. The details regarding the numerical
algorithm being used to solve the hydrodynamic equa-
tions along with the initial and freeze-out conditions are
presented in Ref. [9].
Fig. (2) shows the results for the dileptons. There
are slightly more dileptons from the semi-QGP than the
usual QGP, but below an invariant mass of 1.5 GeV, the
total yield is dominated by the hadronic matter. It might
be possible to detect dileptons from the semi-QGP above
1.5 GeV. The dilepton elliptic flow is small, v2 ∼ 0.01 −
0.06, and is dominated by that from hadronic matter.
The results for photons, shown in Fig. (3), are very dif-
ferent. The suppression of color in the semi-QGP greatly
reduces the photon yield, Fig. (3a). The v2 of the semi-
QGP is also reduced with respect to that of the QGP,
Fig. (3b).
However, the total thermal photon v2 is a yield-
weighted average of the v2 from the QGP and hadronic
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FIG. 3. Photon yield (a) and elliptic flow (b) using music,
from the semi-QGP and QGP, plus hadronic matter (HM).
As in Fig. (3), this calculation is for Au+Au collisions at the
top RHIC energy, in the 20-40% centrality class.
phases. There is a competition between the change in the
QGP yield and that of v2: lowering the QGP v2 lowers
the thermal photon v2, while a decrease in the yield from
the QGP biases the thermal photon v2 towards that from
the hadronic phase, which is large. From Fig. (3b), the
latter wins, so that using semi-QGP rates significantly
increases the total v2 for thermal photons.
To make a detailed comparison to experiment, it is
crucial to take into account the contribution of prompt
photons, produced through the collisions of hard par-
tons. Prompt photons can be computed using perturba-
tive QCD, which work well in proton-proton collisions at
next to leading order [27]. The dominant uncertainties
of the perturbative calculation are the limited knowledge
of the parton fragmentation functions into photons, and
the dependence on the renormalization mass scale [20].
There are further difficulties in extrapolating the con-
tribution of prompt photons from proton-proton to heavy
ion collisions. Parton distribution functions are nuclear
dependent, but more importantly, parton fragmentation
functions are medium-dependent [21]. Photons with low
pT are produced predominantly by parton fragmentation.
In heavy ion collisions, experimentally it is found that
hadrons with pT up to ≈ 10 GeV exhibit large elliptic
flow. Thus a photon produced by the fragmentation of a
hard jet should inherit at least some of the elliptic flow
of that jet.
Lastly, in heavy ion collisions at moderate pT , the num-
ber of photons produced by both perturbative and ther-
mal mechanisms appear to be significantly below that
observed experimentally. This may be due to an under-
estimate of rates in the hadronic medium [12] or to pho-
tons produced in the inital state, such as from the Color
Glass Condensate [18].
Previous computations in the semi-QGP show that like
photon production, processes involving color excitations,
such as the shear viscosity [4] and the collisional energy
loss of heavy quarks [6], are strongly suppressed near Tc.
Thus we expect that the radiative energy loss of light
quarks, which involves the Landau-Pomeranchuk-Migdal
effect, is strongly suppressed near Tc. Such computations
are presently underway.
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